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Abstract: Increasing a participant’s ability to prepare for response inhibition is known to result in lon-
ger Go response times and is thought to engage a “top-down fronto-striatal inhibitory task set.” This
premise is supported by the observation of anterior striatum activation in functional magnetic reso-
nance imaging (fMRI) analyses that focus on uncertain versus certain Go trials. It is assumed that set-
ting up a proactive inhibitory task set also influences how participants subsequently implement
stopping. To assess this assumption, we aimed to manipulate the degree of proactive inhibition in a
modified stop-signal task to see how this manipulation influences activation when reacting to the Stop
cue. Specifically, we tested whether there is differential activity of basal ganglia nuclei, namely the sub-
thalamic nucleus (STN) and anterior striatum, on Stop trials when stop-signal probability was relative-
ly low (20%) or high (40%). Successful stopping was associated with increased STN activity when Stop
trials were infrequent and increased caudate head activation when Stop trials were more likely, sug-
gesting a different implementation of reactive response inhibition by the basal ganglia for differing
degrees of proactive response control. Hum Brain Mapp 00:000–000, 2016. VC 2016 Wiley Periodicals, Inc.
Key words: stop-signal; proactive control; reactive inhibition; striatum; subthalamic nucleus
r r
INTRODUCTION
The ability to inhibit responses is fundamental for cogni-
tive control. Sudden changes in the environment can make
an action inappropriate or even life threatening. Late move-
ment cancellation mechanisms are thought to rely on reactive
inhibition, initiated after a stop cue is signaled. However,
everyday life often calls for a proactive process that anticipates
such events on the basis of prior experience [Aron, 2011].
Proactive inhibition can be studied by manipulating
stop-signal expectancy from trial-to-trial [Aron et al., 2007;
Chikazoe et al., 2009; Zandbelt and Vink, 2010], or at the
level of blocks of trials [Federico and Mirabella, 2014; Mir-
abella et al., 2008; Ramautar et al., 2004; Verbruggen and
Logan, 2009b]. These studies have revealed that Go
response times increase as a function of stop-signal proba-
bility. The magnitude of response slowing has been taken
as an index of “proactive inhibition.”
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Successful reactive inhibition is associated with
increased activity in a distributed brain network. Two
frontal areas, the pre-supplementary motor area (pre-
SMA) and the right inferior frontal cortex (rIFC) have
been identified as critical for the inhibitory process [for a
review see (Aron, 2011)]. However, their precise roles
remain equivocal. Whereas some advocate that rIFC has
privileged access to the motor system to turn on a brake
[Aron et al., 2014], others suggest that preSMA and rIFC
are part of domain general networks that control cogni-
tive processes such as attentional control and working
memory [Hampshire, 2015; Hampshire and Sharp, 2015],
or action planning and execution [Mirabella, 2014], and
that successful inhibition emerges from dynamic interac-
tions throughout these networks. fMRI studies have
investigated proactive inhibition through contrasts of
uncertain versus certain Go trials. Their results show that
on uncertain Go trials, regions are activated that are typi-
cally observed when investigating successful reactive
stopping [Chikazoe et al., 2009; Jahfari et al., 2010; Zand-
belt et al., 2013; Zandbelt and Vink, 2010], suggesting
that the response inhibition network is activated proac-
tively when the likelihood of an upcoming stop is high.
Another study used independent component analysis,
and identified three common neural networks for proac-
tive and reactive inhibition, but also found evidence for
unique neural networks [van Belle et al., 2014].
Besides the cortex, the basal ganglia also play an impor-
tant role in response inhibition. Competing basal ganglia
pathways modulate thalamic-cortical output to inhibit or
facilitate cortically initiated movements [Jahanshahi et al.,
2015; Schmidt et al., 2013]. As such, the basal ganglia are a
strong candidate for the ‘agent’ of inhibition [Band and
van Boxtel, 1999]. For reactive inhibition, most studies have
focused on the role of the subthalamic nucleus (STN).
Functional neuroimaging revealed that stronger STN acti-
vation is associated with better inhibitory performance
[Aron et al., 2007; Aron and Poldrack, 2006]. STN lesions
in rodents resulted in impaired response inhibition [Eagle
et al., 2008], and the effects of STN deep brain stimulation
in Parkinson’s disease strongly suggest that the STN is
involved in inhibitory control [Jahanshahi, 2013; Mirabella
et al., 2013; Mirabella et al., 2012; Obeso et al., 2013; Swann
et al., 2011; van den Wildenberg et al., 2006]. With respect
to proactive inhibition, comparisons of certain and uncertain
Go trials have predominantly revealed increased anterior
striatum involvement [Jahfari et al., 2010; Majid et al.,
2013; Vink et al., 2005; Zandbelt et al., 2013; Zandbelt and
Vink, 2010]. These observations have led to the hypothesis
that there might be a differential involvement of STN and
the anterior striatum in reactive and proactive inhibition
[Aron, 2011].
Yet, even when prior information is provided to indi-
cate the likelihood of stopping and engage the neural
mechanisms of proactive inhibition, the stop-signal para-
digm and it’s dynamic tracking algorithm requires the
participant to react quickly to the Stop cue, if and when
it appears. Thus the stop process might remain reactive.
While important progress has been made toward under-
standing the neural correlates of proactive inhibition,
how this inhibitory task set influences the implementa-
tion of response inhibition in the basal ganglia is
unknown.
The present experiment was designed to ensure a suffi-
cient number of Stop trials during blocks of high and low
stop-signal probability (LSP). This enabled us to test the
hypothesis that differential basal ganglia recruitment is
evident on successful stop-signal trials when the degree of
proactive inhibition was manipulated. Based on the fMRI
evidence reviewed above, and the circuits proposed by
Aron [2011] [see also Jahanshahi et al. (2015)], we pre-
dicted that there would be greater involvement of STN
when the probability of stopping was low and greater
involvement of the anterior striatum when the probability
of stopping was high (Fig. 1).
METHODS
Participants
Participants (N5 22, mean age 23.5, 11 male) were right-
handed [mean laterality quotient 78.5 (Oldfield, 1971)].
The local ethics committee approved the study, and writ-
ten informed consent was obtained.
Stop-Signal Paradigm and Experimental
Procedure
Participants performed an anticipated response stop-
signal task [Coxon et al., 2006; Slater-Hammel, 1960;
Zandbelt and Vink, 2010]. The visual display consisted of
a vertical indicator that moved from the bottom upwards
on each trial (Fig. 2). A target line was situated 800 ms
from onset. The primary task was to stop the indicator at
the target by releasing the switch (Go trials). Go trials
were to be performed as accurately and consistently as
possible. To reinforce Go task performance the color of
the target line changed to green, yellow, orange or red at
the end of the trial, depending on whether responses
were within 20, 40, 60, or >60 ms of the target. Sometimes
the indicator stopped automatically prior to the target.
When this happened, participants tried to prevent releas-
ing the switch (Stop trials). Stop-signal probability was
manipulated over blocks: 20% in the LSP condition and
40% in the high stop-signal probability (HSP) condition.
Two separate staircasing algorithms ensured convergence
to 50% success on Stop trials for LSP and HSP. Initial stop
time was determined per individual during the practice
session (average 160 ms from target) and was adjusted in
steps of 10 ms.
Trials were presented in blocks of 30s consisting of
eight to nine trials. Each block started with a visual
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instruction cue, visible for 1s, stating whether there was
more (HSP) or less (LSP) chance on stopping. Response
time was recorded relative to the target on each trial and
the indicator was reset to empty after 1s. The inter-trial
interval was 3.25s. Indicator color was different for the
LSP and HSP blocks (e.g., blue for LSP, magenta for HSP),
and this was counterbalanced across participants.
Participants practiced the task by performing one task
run outside the scanner to ensure stable performance and
determine their initial stop time. Three scanner runs were
completed (506 trials in total). The task was presented on
a MRI compatible LCD screen and viewed through a dou-
ble mirror attached to the head coil (input refresh rate
60Hz, image refresh rate 120Hz). To ensure a sufficient
number of Stop trials for each condition there were 34 LSP
blocks and 25 HSP blocks, resulting in 62 Stop and 244 Go
trials for LSP and 80 Stop and 120 Go trials for HSP. An
algorithm was used to create pseudorandomized event
sequences [Wager and Nichols, 2003].
Behavioral Data Analysis
For each participant, Go trial response times (GoRT) and
response times for unsuccessful Stop trials were deter-
mined relative to the target (time of response2 800 ms,
e.g., if response occurred at 824 ms, then 824–8005 24 ms
after the target). Early response times (>400 ms before the
Figure 2.
Behavioral task. (A) Each block of trials started with the presenta-
tion of an instruction cue (1s) indicating the likelihood of a stop-
signal. (B) Participants viewed a vertically oriented indicator that
increased from the bottom up at constant velocity reaching the top
in 1s. The indicator could be stopped by releasing the mouse key
with the right index finger. (C) Participants were required to stop
the indicator as close to the target (800 ms) as possible. (D) The
bar stopped automatically on 20% (low stop-signal probability con-
dition) or 40% (HSP condition) of the trials. The time at which the
bar stopped was adjusted online using two staircase algorithms to
achieve 50% success on Stop trials. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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Figure 1.
Hypothetical cortico-basal ganglia pathways mediating reactive
and proactive inhibition. (A) During reactive inhibition, stop
related cortical information (see text for detail on cortical
regions involved) might be sent to the STN via the hyperdirect
pathway. The STN has an excitatory effect on the GPi/SNr, lead-
ing to a suppression of thalamic output to the cortex. (B) Pro-
active inhibitory control might be set up via the indirect
pathway. Stop related cortical information is sent to the anterior
striatum (caudate and/or putamen), which inhibits activity in the
GPe. In turn, the GPe inhibits the GPi (directly or via the STN),
resulting in a suppression of thalamic output to the cortex.
STN5 subthalamic nucleus, GPi5 internal segment of the globus
pallidus, GPe5 external segment of the globus pallidus,
SNr5 substantia nigra pars reticulata, THAL5 thalamus.
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target) were considered errors and response times more
than 3 SD from mean GoRT were defined as outliers. For
Stop trials, the probability of responding was calculated
and stop-signal reaction time (SSRT) was determined via
the integration method [Verbruggen and Logan, 2009a].
Image Acquisition
A Philips 3T Achieva MRI scanner (Philips Healthcare,
The Netherlands) with 32 channel head coil was used for
image acquisition. A high resolution T1-weighted structur-
al image was acquired using magnetization prepared rapid
gradient echo (MPRAGE; TR5 9.70 ms, TE5 4.60 ms, 230
sagittal slices, 1 3 0.65 3 0.65 mm voxels). A gradient EPI
pulse sequence was used for T2*-weighted images
(TR5 2s, TE5 30 ms, flip angle5 908, 34 oblique axial sli-
ces, 2.5 3 2.5 3 3 mm voxels, interslice gap 0.2 mm). A
fieldmap was acquired using a dual gradient echo acquisi-
tion (TR5 750 ms, TE15 5.76 ms, TE25 7.76 ms, 35 axial
slices, 2.5 3 2.5 3 4 mm voxels).
Functional Magnetic Resonance Analysis
fMRI data was analyzed with SPM8 (Wellcome Depart-
ment of Imaging Neuroscience, University College, Lon-
don) implemented in MATLAB 7.6 (Mathworks, Sherborn,
MA). Images were realigned to the first image, corrected
for distortion using the field map, corrected for differences
in slice acquisition time by temporal interpolation to the
middle slice, coregistered to the anatomical image, and
normalized to Montreal Neurological Institute (MNI) space
using unified segmentation of the anatomical image.
Estimated motion parameters were inspected to ensure
translational motion did not exceed 1 voxel. For whole-
brain analyses, the normalized functional images were
smoothed with a 8mm isotropic FWHM Gaussian kernel.
For region of interest analyses, a 4 mm isotropic FWHM
Gaussian kernel was used and results were also confirmed
without the use of any smoothing to exclude the possibili-
ty that partial volume effects were driving the results.fMRI
data were analyzed in an event-related design using a
General Linear Model with 8 explanatory variables (EVs)
of interest, modeled as delta functions at trial onset con-
volved with the canonical hemodynamic response function
and its temporal derivative. Of these, two EVs described
Go trials (HSP, LSP). LSP-Go events were randomly sam-
pled to match the number of Go events in the HSP condi-
tion (randsample.m function in Matlab). Four EVs
described Stop trials (Stop success, SS: HSP, LSP; Stop fail,
SF: HSP, LSP), and two EVs described the instruction cues
for HSP and LSP. An additional EV modeled events of no
interest which included outliers and the remaining LSP Go
trials. Realignment parameters, the mean time series from
white matter, cerebral spinal fluid, and out of brain voxels
were included as covariates of no interest. Data were
filtered in the temporal domain (cutoff of 1/120Hz), and
pre-whitened using an AR(1) model.
To test our hypothesis that stop-related activity dif-
fered between probability levels in the basal ganglia we
specified six anatomical ROI’s: left STN, right STN, left
anterior putamen, right anterior putamen, left anterior
caudate and right anterior caudate. For the STN’s we
used a probabilistic standard space template based on
manual delineation of the STN on susceptibility weighted
images [Coxon et al., 2012]. We included both STN’s
because there is evidence for both right [Aron and
Poldrack, 2006] and left [Coxon et al., 2016; Coxon et al.,
2012; Ray et al., 2009] STN involvement in reactive inhibi-
tion, and bilateral STN deep brain stimulation is often
more effective than unilateral stimulation [Mirabella
et al., 2012]. The caudate head, and anterior portion of
the putamen (defined by axial projection of the anterior
commissure [Douaud et al., 2006]) were taken from the
Talairach atlas [Lancaster et al., 2000]. These ROIs were
chosen based on previous findings of predominantly
anterior striatal involvement in proactive inhibition
[Majid et al., 2013; Vink et al., 2014; Zandbelt et al., 2013;
Zandbelt and Vink, 2010]. Average beta estimates from all
voxels within each ROI were extracted by means of Mars-
bar and subjected to a 6 3 2 3 ANOVA with factors region
(left STN, right STN, left anterior putamen, right anterior
putamen, left anterior caudate, right anterior caudate), trial
type (Go, SS) and stop-signal probability (LSP, HSP). A
significant 3-way interaction was followed up by interac-
tion contrasts testing the trial type 3 stop-signal probabili-
ty interaction within each region. Fisher’s LSD post hoc
tests were used to further describe the pattern of results. A
statistical threshold of P< 0.05 was applied for all compari-
sons (Statistica 8, StatSoft, Tulsa, OK). Previous work sug-
gests that the contrast SS>Go might be confounded by
perceptual processing of the stop signal [Sharp et al., 2010].
An alternative contrast typically used to isolate inhibition
related activity is SS> SF. This contrast assumes however
that an inhibitory process is not engaged on failed stop
trials, which is highly unlikely. Moreover, this contrast is
confounded by differences in attention and reward. By
choosing the trial type (SS, Go) 3 stop-signal probability
interaction (HSP, LSP) as main contrast of interest, we limit
the possible confounds because attentional/oddball effects
related to the stop signal should be present in both stop-
signal probability conditions.
To supplement our hypothesis driven ROI analysis,
whole-brain analysis was performed to (1) identify regions
with increased activation on Stop trials (Stop>Go), and
(2) investigate the effects of stop-signal probability on acti-
vation during Go trials at the whole-brain level
(LSPGo>HSPGo) and (HSPGo>LSPGo). Whole-brain statis-
tical inference was corrected for multiple comparisons
over the search volume using cluster-level family wise
error correction (FWE) at P< 0.05 (cluster defining height
threshold t> 3.16).
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RESULTS
Behavioral Results
Table I shows Go and Stop trial performance for both
stop-signal probability conditions. The number of errors
on Go trials was matched between LSP and HSP
[(t(21)5 1.122, P5 0.223]. The dynamic tracking procedure
resulted in a stop success rate of 48.4% for LSP and 49.4%
for HSP, a subtle yet consistent difference [t(21)523.210,
P5 0.004]. In line with the literature (see introduction) we
observed longer Go response times for HSP than LSP
[mean (ms) LSP: 13.95, HSP: 19.85, t(21)523.255,
P5 0.004] and no difference in SSRT [t(21)5 0.168,
P5 0.869], suggesting increased proactive control in the
HSP condition. There are however at least two alternative
explanations for the difference in response times between
the two conditions: (1) automatization toward the go stim-
ulus might have resulted in shorter GoRTs in the LSP con-
dition [Logan, 1988], and (2) accumulation of post stop-
signal slowing might result in longer GoRTs in the HSP
condition [Bissett and Logan, 2011; Bissett and Logan,
2012].
In the LSP condition there is more opportunity for
automatization due to the higher number of Go trial
instances and the higher number of Go stimulus presenta-
tions (i.e., total number of trials). If automatization toward
the go stimulus is driving the results, then GoRT should
not differ between the two conditions with the same num-
ber of (Go) trials. Comparing the first 120 Go trials from
the LSP condition with the 120 Go trials from the HSP
condition showed that there was still a significant differ-
ence in GoRT [mean (ms) LSP: 16.26, HSP: 20.51,
t(21)522.186, P5 0.04]. Similarly, GoRT was higher in the
HSP condition than the LSP condition when comparing
the first 200 trials in the LSP condition to all 200 trials in
the HSP condition [mean (ms) LSP: 15.94, HSP: 20.51,
t(21)522.496, P5 0.021].
To test the hypothesis that an accumulation of post
stop-signal slowing could account for the difference in
GoRT between the two probability conditions we
calculated mean GoRTs for Go trials preceding a Stop trial
(S-1) or following a Stop trial (S1 1 and S1 2) for success-
ful (SS) and failed stops (SF) separately (Supporting Infor-
mation Fig. 1). There was a significant main effect of
probability condition [F(1,21)5 20.225, P< 0.001] and time
[F(2,42)5 7.836, P5 0.001], and a significant trial type 3
time interaction [F(2,42)5 18.09, P < 0.001]. For successful
stop trials we found no significant difference between
response times on SS-1 and SS1 1 trials (post-hoc LSD P
5 0.399), but response times were significantly longer in
SS1 2 trials than on SS-1 (post-hoc LSD P < 0.001) and
SS1 1 trials (post-hoc LSD P < 0.001). Go trial perfor-
mance after a failed stop (SF1 1, SF1 2) was faster com-
pared to SF-1 performance (post-hoc LSD SF1 1> SF-1 P
5 0.003, SF1 2> SF-1 P 5 0.026). GoRTs on SF1 1 and
SF1 2 did not differ (post-hoc LSD 0.427). Importantly,
there was no time 3 stop-signal probability interaction
[F(2,42)5 0.244, P5 0.784] and no trial type 3 time 3
stop-signal probability interaction [F(2,42)5 0.76, P 5
0.472].
fMRI Results
To verify that the previously described ‘stopping net-
work’ was recruited, we contrasted activity on Stop versus
Go trials collapsed across stop-signal probability condi-
tions. As shown previously [Aron and Poldrack, 2006;
Coxon et al., 2016], stopping was associated with signifi-
cant activation in preSMA, anterior cingulate cortex, right
IFC pars opercularis (BA44), and bilateral insula.
Activation was also evident in left IFC pars orbitalis
(BA45), bilateral middle frontal gyrus, supramarginal
gyrus, thalamus and caudate extending into a region con-
sistent with the probabilistic standard space template of
right STN (shown in green, Fig. 3)(Supporting Information
Table I).
The main question addressed in this study was whether
there is a distinction between the involvement of STN and
the anterior striatum on successful stop-signal trials, i.e.,
during reactive inhibition, when the level of proactive
TABLE I. Performance characteristics
Stop-signal probability
Trial type LSP (20%) HSP (40%) t-value P-value
Go % Errors 0.99 (2.2) 0.53 (1.4) 1.122 0.223
% Outliers 0.78 (0.6) 0.99 (0.7) 21.025 0.317
GoRT (ms) 13.95 (11.9) 19.85 (16.0) 23.255 0.004
GoRT Variability (ms) 31.92 (5.9) 36.35 (7.9) 24.166 <0.001
Stop Stop fail RT (ms) 26.07 (10.8) 21.83 (11.2) 22.139 0.044
% Inhibit 48.39 (1.7) 49.37 (1.4) 23.210 0.004
SSRT (ms) 188.52 (8.4) 188.21 (9.5) 0.168 0.869
GoRT and Stop fail RT are expressed relative to the target (i.e., response – 800 ms). Early response times (>400 ms before the target)
were considered errors and response times more than 3 SD from mean GoRT were defined as outliers. Mean (6 standard deviation)
and two-tailed paired sample t-tests are reported.
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control was manipulated. The 6x2x2 ANOVA showed a
significant 3-way interaction between ROI (left, right STN;
left, right anterior putamen; left, right anterior caudate),
trial type (Go, SS) and probability condition (LSP, HSP)
[F(5,17)5 7.622, P5 0.001]. Planned contrasts for the trial
type 3 stop-signal probability condition interaction per
ROI revealed significant interactions for left STN
[F(1,21)5 4.922, P5 0.038], and right caudate head
[F(1,21)5 7.953, P5 0.010], but not for right STN, left ante-
rior caudate and left or right anterior putamen (P> 0.250).
As visualized in Figure 4A left STN was more active dur-
ing successful stopping for LSP than HSP (LSD post-hoc
LSPSS>HSPSS: P< 0.001), and no difference for
LSPGo>HSPGo (P5 0.188). In contrast, the right caudate
head was more active during successful stopping for HSP
than LSP (LSD post-hoc HSPSS>LSPSS: P5 0.016), but not
HSPGo>LSPGo (P> 0.250). In a recent paper from de Hol-
lander et al. [2015] concerns are raised about the effect of
spatial smoothing (even a minimal smoothing kernel of
4 mm as used here) on the mixture of BOLD signals from
the STN and surrounding tissue. Therefore we also tested
for the trial type 3 probability condition interaction in left
and right STN without applying smoothing to the data.
There was a similar significant interaction in left STN
[F(1,21)5 4.534, P5 0.045], with higher activity for success-
ful stopping in the LSP condition than HSP (LSD post-hoc
LSPSS>HSPSS: P< 0.003), and no difference for
LSPGo>HSPGo (P5 0.180). The interaction in right STN
was not significant (P> 0.250).
In order to compare our manipulation of stop-signal
probability with previous studies that investigated
proactive inhibition, we also performed whole-brain anal-
ysis on Go trials (HSPGo>LSPGo). Activation was
increased for HSP compared to LSP in bilateral inferior
parietal cortex, precuneus and in the right superior and
middle frontal gyri (Fig. 4B, Table II). The reverse con-
trast (LSPGo>HSPGo) identified the “default mode
network” with more deactivation in the ventral medial
prefrontal cortex, posterior cingulate cortex, middle tem-
poral gyrus and inferior parietal cortex for HSP than
LSP. This contrast also revealed increased activation for
LSP (as opposed to less deactivation) in the insula, hip-
pocampus, temporal pole, and left posterior putamen
(Fig. 4B, Table II).
DISCUSSION
We used a mixed block/event-related design to manip-
ulate the degree of proactive inhibition across blocks and
investigated how this influenced the implementation of
stopping in reaction to a stop cue. The results support a
proposed functional distinction between left STN and
right anterior striatum on successful stop trials, with a
proactive inhibitory task set influencing how reactive
inhibition is implemented in the basal ganglia. Moreover,
greater uncertainty (HSP) was associated with stronger
default mode network (DMN) deactivation and a concur-
rent increase in fronto-parietal activation, suggesting a
role for these large scale networks in proactive inhibition.
Figure 3.
Brain regions showing more activation during Stop than Go trials. The activation maps include
areas previously implicated in response inhibition (right IFC, preSMA, caudate, and STN). The
probabilistic standard space template of STN is shown in green. Whole-brain analysis, cluster-
level FWE P< 0.05, cluster defining height threshold t> 3.16. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Differential Roles for STN and Anterior Striatum
in Response Inhibition
Braver [2012] advocated a framework wherein cognitive
control varies along a reactive–proactive continuum. In
this framework, the predictability of the environment
determines which mechanism is most efficient. In the
context of inhibitory control, infrequent presentation of
stop-signals creates a strong bias to focus efforts on the Go
task [Logan et al., 1984]. A bias toward the Go task can be
achieved via a stronger potentiation of the direct basal
ganglia pathway to promote (Go) movements [Aron and
Poldrack, 2006; Schmidt et al., 2013]. The increased activa-
tion of the posterior putamen during Go trials in the low
compared to HSP condition could be a reflection of this
stronger potentiation (Table II, LSPGo>HSPGo).
On the other hand, frequent presentation of stop-signals
shifts priority toward caution. This caution is reflected in
longer Go response times in the HSP condition. The
behavioral results show that this increase in response time
cannot be explained by an instance account, or accumula-
tive post stop-signal slowing, and is therefore likely due to
both global and trial-to-trial proactive control adjustments
based on stop-signal expectancy. In contrast to previous
reports [Bissett and Logan, 2011; Mirabella et al., 2006;
Verbruggen et al., 2008] we did not observe post stop-
signal slowing on the trial immediately following the stop
trial. This might be due to the relatively low occurrence of
two stop-signal trials in a row (LSP: 3%, HSP: 22.5%) [Bis-
sett and Logan, 2012] and the implicit and explicit feed-
back provided on Go task performance in this anticipated
response version of the stop-signal task. Interestingly,
when two Go trials followed a successful stop trial partici-
pants slowed down their response, probably because they
anticipated that the likelihood of a stop-signal was high
(Supporting Information Fig. 1).
When a stop-signal is presented, a “race” ensues
between the triggered Stop process and the already initiat-
ed Go process. Inhibition over the Go process could be
achieved via the hyperdirect basal ganglia pathway [Nam-
bu et al., 2002], or via the indirect basal ganglia pathway
[Mink, 1996]. The hyperdirect pathway consists of excitato-
ry cortical projections toward the STN which causes
downstream inhibition of thalamic output toward the cor-
tex. In macaques it has been shown that STN has direct
connections with the (pre)motor cortex [Nambu et al.,
1997], (pre)SMA [Inase et al., 1999], and the anterior and
dorsolateral prefrontal cortex (dlPFC) [Haynes and Haber,
2013]. Diffusion weighted imaging tractography provides
complementary evidence in humans and suggests that
similar connections exist between rIFC and STN, and pre-
SMA and STN [Aravamuthan et al., 2007; Aron et al.,
2007; Coxon et al., 2012].
Additional evidence for the existence of a hyperdirect
structural pathway comes from studies of STN function
during reactive inhibition. Electrophysiological recordings
in rats showed that successful reactive stopping requires
stop-signal information to be transferred from STN to the
basal ganglia output nuclei before the Go process exceeds
a point of no return - representing the race between the
Stop and the Go process [Schmidt et al., 2013]. In humans,
recordings from deep brain stimulation electrodes in STN
revealed strong desynchronisation of oscillatory activity in
Figure 4.
(A) Effect of stop-signal probability on stop success activity. ROI
analysis. Left: ROIs overlaid on a standard brain. Right: Increased
activation was observed in right caudate head during successful
stopping for high (HSP) versus the low (LSP) stop-signal proba-
bility condition whereas the opposite was observed for the sub-
thalamic nucleus (STN). Plots show the average beta values of
all voxels in the ROI (6 standard error). (B) Effect of stop-
signal probability on Go trial activation. Left: Brain regions
showing more activation on Go trials for HSP than LSP. Right:
Brain regions showing more activation on Go trials for LSP than
HSP. Whole-brain analysis, cluster-level FWE P< 0.05, cluster
defining height threshold t> 3.16. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]
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the beta frequency band (15–30 Hz) during movement,
which was quickly terminated during successful move-
ment cancelation [Alegre et al., 2013; Ray et al., 2012].
Importantly, this relative increase in beta power took place
before SSRT [Bastin et al., 2014]. Cortical recordings have
shown a similar increase in beta oscillations in preSMA
and rIFC during successful stopping [George et al., 2013;
Swann et al., 2011; Swann et al., 2009; Wessel et al., 2013].
Potentially, rIFC increases the influence of preSMA on
STN to inhibit thalamo-cortical activity that would have
otherwise supported movement execution, as suggested by
recent dynamic causal modeling results [Rae et al., 2015].
Consistent with the evidence from electrophysiological
recordings, we observed fMRI activation in the STN region
on successful Stop trials [Aron and Poldrack, 2006; Coxon
et al., 2016].
The stopping network is widely considered as right lat-
eralized [Aron, 2011; Sharp et al., 2010]. However, it
remains unclear how a right lateralized network can inhib-
it movements that are predominantly prepared in the left
hemisphere. In the present study, it was left STN that was
more active for reactive stopping. Involvement of left STN
in inhibitory control is substantiated by the observation
that deep brain stimulation of left STN impairs SSRT in
Parkinson’s disease patients [Ray et al., 2009]. Moreover,
Coxon et al. [2016] showed significant activation in both
left and right STN during successful stopping, yet the
white matter connections between preSMA and left STN
were most strongly related to stopping performance
[Coxon et al., 2012]. Based on our results, we tentatively
propose that rIFC interacts with left and right STN via
preSMA projections in each hemisphere. In the indirect
pathway, excitatory projections from the cortex facilitate
inhibitory neurons in the striatum. These project to the
(external) globus pallidus, which leads to a decrease of
tonic inhibition of STN, and therefore to a reduction of
thalamic output to the cortex. Evidence for involvement of
the indirect pathway in response inhibition comes from
the observation that striatal lesions in rats impact inhibito-
ry performance [Eagle and Robbins, 2003]. Moreover,
increased striatal activation for successful versus unsuc-
cessful stopping has been associated with shorter SSRTs
[Chao et al., 2009] and with the level of M1 activity during
successful stopping [Zandbelt and Vink, 2010], suggesting
TABLE II. Stereotactic coordinates of the local maxima
Contrast Anatomical label Hemi-sphere x y z t-value P-value
HSPGo>LSPGo Inferior parietal cortex/superior
parietal cortex/precuneus
R 40 244 37 6.28 <0.001
54 240 55 6.25
10 272 52 6.19
Middle frontal gyrus R 44 48 25 5.26 <0.001
40 43 40 4.32
40 56 25 3.85
Inferior parietal cortex L 238 250 40 4.85 <0.001
243 257 55 4.69
228 250 37 4.21
Superior frontal gyrus R 37 10 61 4.84 0.001
24 13 64 4.76
42 20 49 3.50
LSPGo>HSPGo Ventral medial prefrontal cortex / L 23 40 211 7.71 <0.001
Superior frontal gyrus 218 43 46 5.44
223 26 40 5.34
Superior / middle temporal gyrus L 263 24 214 5.92 <0.001
260 210 25 5.27
258 22 22 5.16
Posterior cingulate cortex /precuneus L 26 257 22 5.86 <0.001
213 252 10 5.34
210 244 40 3.95
Insula / hippocampus L 226 234 25 5.52 0.001
228 220 217 5.43
Posterior putamen 226 24 25 3.83
Temporal pole R 42 230 22 4.92 <0.001
62 24 1 4.91
54 0 22 4.85
Inferior parietal cortex L 248 267 25 4.85 0.003
Whole-brain analyses were corrected for multiple comparisons using cluster-level family-wise inference (P< 0.05). Stereotactic coordi-
nates are reported in Montreal Neurological Institute (MNI) space. HSP5high stop-signal probability, LSP5 low stop-signal
probability.
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that striatum could also contribute to the inhibitory func-
tion. However, more direct evidence that activity in the
striatum is modulated before the SSRT, is lacking.
It has been suggested that the role of the striatum and
the indirect pathway might be more proactive. For exam-
ple, Zandbelt et al. [2013] showed that anterior striatum
activation, including the caudate head, is modulated on
Go trials as a function of stop-signal probability, and that
this relates to the amount of Go response slowing. This
observation is consistent with the presumed role for the
striatum in proactively setting up the response threshold
based on contextual predictions [Bogacz et al., 2010; For-
stmann et al., 2010; Lo and Wang, 2006]. Single cell record-
ings in monkeys have also revealed that caudate is
involved in pre-setting basal ganglia circuits during proac-
tive control [Watanabe and Munoz, 2010]. We found
increased caudate head activation on successful stop-
signal trials for HSP compared to the LSP condition. This
might reflect those Stop trials where the response thresh-
old was set particularly high. Increasing the response
threshold would lead to longer Go response times, but
increased accuracy on Go and Stop trials [Logan et al.,
1984]. We observed longer Go response times and a higher
stop success rate in the HSP condition, but no significant
difference in the percentage of errors on Go trials. A possi-
ble explanation could be that Go trial accuracy was
already at ceiling level in both conditions (i.e., <1% errors,
Table I). Alternatively, the pattern of results can possibly
be explained by a delay in the onset of accumulation [Bis-
sett and Logan, 2011; Verbruggen and Logan, 2009b], or
by different diffusion models [Dunovan et al., 2015; Logan
et al., 2015].
In accordance with previous reports we did not observe
differences in SSRT between the proactive (HSP) and reac-
tive (LSP) conditions [Jahfari et al., 2012; Ramautar et al.,
2004; Verbruggen and Logan, 2009b; Zandbelt et al., 2013].
Although other studies have reported an improvement in
SSRT in the proactive condition [Chikazoe et al., 2009;
Smittenaar et al., 2015], this discrepancy could be
explained as a trade off. Some participants might slow
down on Go trials in order to improve speed, whereas
others favor accuracy of inhibition, which may be influ-
enced by the instructions given to the participant [Leotti
and Wager, 2010; Smittenaar et al., 2013].
Our finding of (a) increased STN activation on success-
ful stop-signal trials when stop-signals were rare (i.e.,
LSP>HSP), and (b) increased caudate head activation
when stop-signals were relatively frequent (i.e.,
HSP>LSP), fits with the hypothesis put forward in the lit-
erature that the hyperdirect pathway is relatively more
involved in reactive inhibition, whereas the indirect path-
way is more important for inhibition in a proactive context
[Aron, 2011; Jahanshahi et al., 2015]. However, note that
the STN is also part of the indirect pathway. Therefore, no
strong conclusions can be made with respect to the path-
way taken. Indeed, human electrophysiological recordings
have shown that STN local field potential power was also
increased on Go trials for which stopping was anticipated,
although to a lesser degree than during reactive stopping
[Benis et al., 2014]. Further, STN stimulation can result in
an improvement of proactive control in Parkinson’s dis-
ease patients [Mirabella et al., 2013; Obeso et al., 2013]. In
our study, STN effect sizes (Fig. 2B, compare STN beta
values on Go trials) were also slightly higher for Go trials
in the HSP condition than in LSP, although not significant-
ly. The difference in activity level might be too small to
pick up with fMRI.
Proactive Control as a Brain State
When contrasting Go trials for HSP versus LSP we did
not observe increased activation of the anterior striatum,
preSMA, and rIFC as previously reported [Chikazoe et al.,
2009; Jahfari et al., 2010; Zandbelt et al., 2013; Zandbelt
and Vink, 2010], but we do not consider this to undermine
the results of our experiment. Notably, these studies either
contrasted 0% versus 20% stop-signal probability, or
looked for a linear increase in activation with stop-signal
probabilities ranging from 0–33%. Comparison with a
“certain” Go (0% stop-signals) condition may be necessary
to observe activation in rIFC and preSMA associated with
proactive inhibition on Go trials. We did not include a 0%
stop-signal probability condition in our design, instead
contrasting relatively low (LSP 20%) and high (HSP 40%)
stop-signal conditions. Proactive control mechanisms
might still have been recruited to some extent for our LSP
condition with fMRI not being sensitive enough to pick up
the difference with HSP, in accordance with Ramautar
et al. [2006] and Jahfari et al. [2012].
We did observe increased activation in the fronto-
parietal network on Go trials for HSP versus LSP.
Specifically, activation of right dlPFC, superior/inferior
parietal cortex, and precuneus was associated with our
manipulation of proactive inhibition. A parietal network
uniquely associated with proactive inhibition was previ-
ously identified by van Belle et al. [2014]. The dlPFC is
connected to the caudate head [Alexander et al., 1986] and
has been implicated in proactive inhibitory control. Aron
[2011] suggested that dlPFC might be involved in holding
more information in working memory during proactive
inhibitory control, although in our design two task goals
needed to be maintained for both probability conditions.
The dlPFC has also been suggested to play a role in goal-
directed behavior, presetting fronto-basal ganglia path-
ways based on current action goals [Bogacz et al., 2010;
Miller, 2000; van Veen et al., 2008].
The reverse contrast, LSPGo>HSPGo included parts of
the DMN, and this was due to stronger deactivation of the
posterior cingulate cortex and ventral medial prefrontal
cortex in the HSP condition. Stronger deactivation of the
DMN is observed with increased cognitive demands
[Singh and Fawcett, 2008], suggesting that behavior in the
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HSP condition is less automatic and requires more top
down control. Failure to appropriately deactivate the
DMN is associated with impairments in inhibitory control
[Bonnelle et al., 2012]. Leech et al. [2012] have suggested
that stronger deactivation of the DMN might allow more
stable, sustained processing in other networks such as the
fronto-parietal network. Other regions showed increased
activation for this contrast with the insula, inferior frontal
and temporal regions were more active during Go trials in
LSP. These regions are considered the core nodes in the
ventral attention or salience network. They might help to
activate the fronto-parietal network in response to unex-
pected events [Corbetta et al., 2008]. Based on these obser-
vations we propose that proactive inhibitory control can
also be seen as a ‘brain state’, involving more sustained
attentional focus, while keeping track of the contextual
probabilities to preset basal ganglia circuits.
In conclusion, our design made it possible to test the
effect of inhibitory task set on basal ganglia recruitment
during reactive inhibitory control. The data supports the
hypothesis that STN is essential for reactive inhibition, but
that caudate head may play a greater role when reactive
inhibition occurs in the presence of enhanced proactive
control.
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